AURORA is a vlrion-based system designed to warn a vehicle driver of 
Introduction
Every year in the IJnited States alone, there are over three million traffic accidents in which a single vehicle, without striking another vehicle, leaves the roadway. These single vehicle roadway departure (SVRD) accidents result in 13,000 fatalities and an estimated $100 billion in damage annually. Counted as one of the primary causes of accidents, SVRD is responsible for 16.5 percent of all traffic delays.
While there are diverse scenarios and causal factors associated with SVRD crashes, they all have one characteristic in common: at some point in the crash sequence the vehicle leaves the roadway. According to the FHWA [ 11, up to 53 percent of SVND accidents could be prevented by systems which detect the vehicle's lateral position while driving.
To help avoid these accidents, we have developed a vision-based lateral position estimation system called AURORA (AUtoniotive Run-Off-Road Avoidance system) which tracks the lane markers present on structured roads such as interstate highways and city roads. It estimates the vehicle',s lateral position with respect to the detected liane markers. When the vehicle begins to stray out of its lane, AURORA alerts the driver through visual and audible alarms. We are also investigating active intervention in the form of vehicle steering and speed control as more aggressive collision avoidance strategies.
System configuration
AURORA employs a downward-looking video camera to detect lane markers alongside the vehicle. A color camera is mounted on the side of a car, pointed ciownwards toward the road; this enables AURORA to view an area of the road approximately 2.0m by 1.5m next to the vehicle (See Figure 1) . The video output of the camera is captured by a digitizer and processed using a portable Sun Sparc workstation. AURORA processes both fields of every frame provided by the digitizer (a full NTSC image frame has odd and even rows which are scanned separately, resulting in two video fields), giving it a processing rate of 60Hz. 
Processing algorithm
To warn the driver of an impending crash, AURORA needs to determine the precise lateral position of the vehicle on the road. For the structured roads we are investigating, the lane markers on the road can be used reliably for vehicle lateral position estimation. Unfortunately, real lane markers on roads differ substantially from this simple template, an adjustable template is necessary. Our initial approach was to dynamically update the template based on recent road conditions. While this method worked well for slowly-varying roads, sudden changes in the road surface could completely corrupt the template, and make automatic recovery very difficult.
Since previous images may not be accurate predictors of current conditions, we modified our adjustable template method to focus on the current image. The overall shape of the adjustable template remains fixed (like in Figure 3) , but now Imarker and Iroad are functions of the position along the scanline. At each point under examination, AURORA projects the template outline symmetrically onto its neighborhood. Then it adjusts &,,arker and Ira, to the average of the intensities of scanline pixels in the corresponding region of the template, as shown in Figure 4 . The adjustable template will resemble a dual step function only when it is applied to the area around the true lane marker, as shown at point 2 in Figure 5 . In uniform parts of the image away from the scanline, the adjustable template will appear as a straight line, as shown at point 1 in Figure 5 . (2) is below a threshold, AURORA judges that there is a lane marker in the image. Figure 6 shows the relation of the intensity profile of a However, we found that this method still did not always perform satisfactorily because lane markers in the real world typically do not have clean step edges at both sides. Instead, the edges may be blurry, which can cause a large correlation error. AURORA overcomes this problem by ignoring the sections of the scanline around the edges of the lane marker; it only uses the more reliable data away from the marker edges to adjust the template and compute the binormalized correlation, as shown in Figure 7 . This technique is similar to that employed by the SCARF road following system [2] to detect the boundary between the road and non-road regions on unstructured roads. Ignoring these regions of the template also makes the algorithm more tolerant to variations in the width of the lane marker.
We were concerned that this procedure might reduce localization accuracy, but experiments showed that this accuracy is well preserved. 
Local Search Strategy
Since vehicles typically travel at speeds greater than 25m/ sec on the highway, it is imperative that AURORA operate in real time. AURORA achieves its 60 Hz cycle rate by processing only a single scanline per image. We further improved its efficiency by first searching in the vicinity of last detected marker position. This also helps to avoid confusion caused by spurious features on thit: road. The local search range in AURORA is twice the size of the template's marker region Rmarker If the lane marker is within this local search range, it can be detected with less effort than searching through the entire scanline. If AURORA cannot find a lane marker within the local search range because it lies outside the local search range or because there is no lane marker in this image, the system extends the search to the whole scanline.
Camera Calibration
Since AURORA uses a wide angle lens to see a large area next to the vehicle, perspective effects arid lens radial dis-tortion are significant. Because of these effects, the width of a lane marker can vary significantly depending on its position in the image. Our approach is to first perform a calibration in order to determine the marker width to use at each point along the scanline. Because the camera pose is different each time we mount it on the car, an efficient procedure is required for re-calibration.
The calibration procedure for AURORA involves the positioning of calibration marks at known distance from the vehicle in the camera's field of view, as shown in Figure 8. Typically these marks are evenly placed lOcm apart, they appear unevenly spaced in the image because of perspective effects and lens distortion. The user then uses a mouse to manually indicate the columns in the image at which these marks appear. By relating distance between marks on the ground to the number of columns between them in the image, the system then computes a scale factor to convert centimeters to pixels for each column in the image. This scale factor is then used to precompute how wide (in pixels) a typical lane marker should appear when centered at each column of the image. The size of the marker region Rmarker is then adjusted at run-time according to the position in the scanline currently being searched, bo compensate for perspective and lens distortion effects. This calibration is also vital for vehicle lateral displacement estimation, in order to translate a lane marker position in pixels into a distance measurement.
Camera calibration illustration
The calibration image 
Vehicle Lateral Displacement Estimation
Once AURORA locates the lane marker, the next step is to calculate the vehicle's lateral position. The same technique used to compensate the marker width for perspective effect and lens distortion is used to compute the vehicle's distance from the edge of the lane. Specifically, the approximate lateral position of the vehicle is determined by comparing the location of the detected lane marker with the locations of the known calibration marks. Linear interpolation is used to determine the location of lane markers falling between the positions of two calibration marks. Since the calibration marks are closely spaced, this linear interpolation does not introduce significant error, as will be shown in section 4.2.
Roadway Departure Warning
After the lane marker is detected and the vehicle's lateral position estimated, AURORA must interact with the driver to prevent roadway departure. Currently, AURORA operates in a passive mode, warning the driver of the danger of roadway departure when appropriate. AURORA estimates if the danger of departure is sufficiently high, and communicates this danger to the driver.
Warning Criterion
There are several alternative algorithms for triggering a roadway departure warning. In the simplest method, the vehicle's instantaneous lateral displacement from the road center could be used as the trigger, whereby a warning would be provided whenever the driver deviates from the lane center by more than a fixed threshold. However, this approach would lead to frequent false alarms, since people often drive with a fixed offset from the road center of up to 10 cm [3] . Another approach might be to base the warning on the vehicle's lateral velocity, so that an alarm is triggered whenever the vehicle is travelling too quickly across the lane. This algorithm would also lead to inappropriate alarms, since studies of human driver performance show that people tend to devote their attention to the steering task only intermittently [4] ; the vehicle drifts slowly from the lane center, and then rapidly moves towards it when the driver makes a correction. These drawbacks are of serious concern since false alarm rates must be very low in such a warning system in order to avoid driver irritation.
A better measure of roadway departure danger is time-tolane-crossing (TLC) [4] . This is the time remaining before one of the vehicle's wheels will cross over one of the lane boundaries, assuming a fixed steering strategy. In the constant offset case, the vehicle's lateral velocity is near zero, so TLC will be high and no warning will be triggered. In the case in which the lateral velocity is large during the driver's correction maneuver, the vehicle's movement will be towards the center of the lane, and hence TLC will still be large. It is only when the vehicle is close to the lane boundary, and moving in the direction that will take it across that boundary, that a warning is triggered using the TLC algorithm. This is the algorithm currently employed in AURORA.
AURORA bases its computation of TLC on the vehicle's lateral displacement and lateral velocity, since the human driving literature [4] and our own measurements (see Figure 9 , flat regions occur when the marker is out of the field of view) indicate that the vehicle's lateral acceleration is usually small between corrective maneuvers. AURORA'S technique for computing lateral displacement was described earlier. To compute lateral velocity, AURORA uses the recent history of the vehicle's lateral positions. Specifically, AURORA estimates the vehicle's current latera1 velocity by computing how far the lane marker has moved relative to the vehicle in the last 114 second.
dusk and night operation has been verified by illuminating the roadway using a lamp mounted on the side of the vehicle next to the camera.
The system has demonstrated good perfbrmance tracking lane markers. Quantitatively, on roads with dashed white lane markers, the system misses, on average, about 1 in every 100 lane markers, usually when the marker is severely faded or obscured. This type of mistake does not propagate since the system only relies on the current image for its processing. Figure 10(a) is the display on the monitor once AURORA has detected a lane marker. 
Warning Modality
Currently, AUROF'A uses three modalities for communicating roadway departure danger to the driver: a visual display, an audible alarm, and a haptic interface. A warning message appears on an LCD monitor mounted on the dash in front of the driver whenever TLC is below a preset threshold (1.0 second). Using a pair of stereo speakers, AURORA also triggers an audible alarm, through the left speaker when the vehicle is drifting off the left side of the road, or through the right speaker if it is running off the right side of the road. The haptic interface attempts to alert the driver by shaking the steering wheel briefly.
Experimental Results
Together, the vision-based lateral position estimator, the TLC algorithm and the triple modality driver interface comprise the AURORA roadway departure warning system. We have performed numerous off-line tests using videotapes of roads, and several on-vehicle runs to characterize the performance of these components and the system as a whole. The results of these experiments are discussed in this section. 
Vision-Based Lane Marker Tracking
Tests of the lane marker tracking algorithm have been constreets, and divided interstate highway. Weather during the tests has included sunny, overcast, and rainy conditions.
Vehicle Lateral Displacement Estimation
ducted On a variety Of road types: two lane roads, city
We evaluate the vehicle lateral displacement estimation by comparing the result given by the system and our manual measurement. Table 1 shows the comparison in centimeMost experiments were carried Out during the day, but ters of 10 randomly selected lane markers. The average absolute error is 0.9 cm.The standard deviation of the error in position estimation is 1.19cm. One potential problem with a roadway departure countermeasure like AURORA is that simply warning the driver may not be sufficient, an active steering andlor speed control may be required to prevent a collision. An initial step in this direction would be to apply torque to the steering wheel in the appropriate direction. A more ambitious extension of AURORA we are pursuing is to combine it with a satellite-based position estimation system and a digital map of the road network to allow AURORA to estimate the curvature of the road ahead. By combining this forward preview capability with AURORA's local estimate of lateral position, it should be possible to calculate a steering direction that will keep the vehicle centered in its lane. This advanced AURORA system could form a highly reliable, fully automated lateral control system.
